Cancer is a leading cause of death in North America, and poor diet is suspected as a causative factor in 1/3 of all cancer deaths. Epidemiologic studies have shown that a diet rich in cruciferous vegetables such as broccoli is protective against many cancers. Broccoli contains sulforaphane (SI), a substance that activates promoter elements in certain phase II detoxification enzymes of animals, and upregulation of these genes may increase the rate of clearance of potential carcinogens. Broccoli also accumulates the mineral selenium (Se) and clinical trials have demonstrated that Se may decrease the incidence of prostate and lung cancer. A series of studies have examined the interaction of Se and Sf in broccoli, and the benefit to the health of the animal that consumes broccoli. Selenium-enhanced broccoli reduces the incidence of colon cancer in rats, but increasing the Se content of broccoli results in a corresponding decrease in the Sf content. Sf and Se also interact in the animal that consumes broccoli to upregulate the antioxidant enzyme thioredoxin reductase (TR). TR activity has been shown to be related to oxidative stress in the cell. These studies demonstrate potential problems that may be encountered if a single substance in a plant is targeted for enhancement. They further show that modified plant foods may cause unintended metabolic interactions in the animal that consumes them.
INTRODUCTION
Cancer is a leading cause of death in the U.S., and the American Cancer Society estimates that 1/3 of all cancer deaths are related to dietary factors (American Cancer Society, 1999) . Lack of anti-carcinogenic compounds in our diet (e.g. tocopherols, ascorbic acid, selenium, polyphenolics and isothiocyanates) may contribute more to our risk of developing cancer than the presence of dietary carcinogenic compounds (e.g. heterocyclic amines and aflatoxin). This hypothesis is supported by studies reporting a reduction in cancer risk with increased intake of fruits and vegetables (Heber and Bowerman, 2001 ). The primary cancer protective benefit of such a dietary change may not be associated with decreased fat or increased fiber intake as much as it is with the increased intake of nonnutritive dietary components that have biological activity such as destruction of oxygen radicals and activation of beneficial enzyme systems. Epidemiologic study reports have found an inverse relationship between the intake of cruciferous vegetables and the risk of lung, pancreas, bladder, prostate, thyroid, skin, stomach and colon cancer cancer (Verhoeven et al., 1996) , and this association may be stronger than the association between cancer risk and fruit and vegetable intake in general (Michaud et al., 1999) . Consequently, the National Research Council, Committee on Diet, Nutrition and Cancer (1982) has specifically recommended that Americans increase Consumption of cruciferous vegetables (National research council, 1982) . Crucifers contain multiple compounds that may have biological activity for chemoprevention; among the most studied are glucosinolates (GS) (Fenwick et al., 1983) , precursor compounds that may be converted in the gut to isothiocyanates. Other potential bioactive components include flavonoids such as quercetin (Williamson et al., 1996) , minerals such as selenium (Se) (Finley et al., 2000b) , S-methyl cysteine sulfoxide and 1,2-dithiole-3-thione (Jeffery and Jarrell, 2001) . Our laboratory has extensively studied the interaction of two potentially anti-carcinogenic compounds in broccoli (Brass/ca oleracea) the glucosinolate breakdown product, sulforaphane (St), and the essential mineral selenium (Se). We have shown that enhancing broccoli with selenium results in reduction of Sf (and vice-versa) and we have further shown that when an animal consumes broccoli, the two compounds interact to regulate the expression of genes that may be involved in preventing oxidative stress and carcinogenesis.
Glucosinolates, Sf and Chemoprotective Mechanisms
The chemical structures of GS are similar in all the plants in which they are present (>3000 crucifer species). Their basic structure consists of a f3-D-thioglucose group, a sulfonated oxime group and a side chain derived from methionine, phenylalanine tryptophane or branched-chain amino acids. The sulfate group of a GS molecule is strongly acidic and plants accumulate GS by sequestering them as potassium salts in plant vacuoles (for a complete review see (Keck and Finley, 2004) ). More than 120 GS have been characterized, but no essential role for GS in plant metabolism has been found.
The content and form of GS within a plant depends on the particular variety. Glucobrassicin and glucoraphanin are generally found in high concentrations in broccoli (0.1-2.8 and 0.8-21.7 mmol/g DW, respectively) and constitute as much as 95% of the total amount of GS (Kushad et al., 1999) . In contrast, Brussels sprouts, cabbage and cauliflower contain little or no glucoraphanin. Glucosinolates are not bioactive in the animal that consumes them until they have been enzymatically hydrolyzed, either by the endogenous myrosinase (released during the disruption of the plant cell by harvesting, processing or mastication) or by the action of gut microflora (Rabot et al., 1993) . Hydrolysis produces of glucoraphanin produces Sf.
A primary mechanism by which glucosinolates may inhibit carcinogenesis is by alteration of phase I and II enzyme detoxification pathways (Zhang and Talalay, 1998), leading to decreased activation of pro-carcinogens and increased excretion of carcinogens. Some compounds activate only phase 11 enzymes through a transcriptional regulatory element common to multiple genes such as glutathione-S-transferase Al, quinone reductase (QR) and thioredoxin reductase (TR); this element is termed the Anti-oxidant Response Element (ARE; (see Finley, 2003 for review.) The ARE responds to a number of chemicals with structures similar to Michael reaction acceptors, but the most powerful dietary-derived constituent is Sf (Zhang et al., 1992; Morimitsu et al., 2002) . In addition to their detoxification functions, many of these enzymes also have powerful antioxidant properties. For example quinone reductase (Favreau and Pickett, 1993) catalyzes the reduction of quinones and prevents redox cycling and oxidative stress; gamma-glutamylcysteine synthetase catalyzes the rate limiting step in glutathione bio-synthesis (Jeyapaul and Jaiswal, 2000) , one of the most ubiquitous circulating anti-oxidants; TR is the enzyme that reduces thioredoxin and the ascorbyl radical (Mustacich and Powis, 2000) .
Selenium and Cancer Protection
A randomized, placebo-controlled human clinical trial demonstrated that the micronutrient Se protects against several common cancers. Compared to placebo controls, supplementation of humans with 200 ptg Se/d as Se-enriched-yeast significantly reduced overall cancer mortality (Duffield-Lilljco et al., 2002) , prostate cancer (Duffield-Lillico et al., 2003) and lung cancer (Reid et al., 2002) . The reduction of prostate cancer risk by selenium is also substantiated by numerous epidemiologic studies of selenium intake and prostate cancer risk.
Selenium is found covalently bound to many diverse molecules (see Fig. I for a picture of overall selenium metabolism), and the efficacy of a particular source of selenium for inhibition of carcinogenesis depends in part on the chemical form. In general, it now appears that forms of Se that are metabolized through the methylation pathway in preparation for excretion in the urine are the most efficacious. A secondary consequence of metabolism through the methylation pathway is that such forms of Se are not readily available for other functions in the body such as accumulation in tissues or incorporation into selenoproteins (Ip et at., 1991) . Se-methyl selenocysteine (SeMSC) is a form of selenium unique to a few plant species including broccoli (Cai et at., 1995) , and evidence from cells in culture suggests that this form of selenium may be the most potent anticarcinogenic ('p and Ganther, 1996) .
Cruciferous vegetables, including broccoli, typically contain low amounts of Se (0.1-0.3 jig Se/g DW), but when grown in the presence of adequate Se, many have the unique ability to accumulate concentrations of Se many orders of magnitude above normal. For example broccoli grown on the west side of the central valley of California may contain up to 7 jig Se/g DW (Banuelos, 2002) and broccoli grown under experimental conditions may accumulate as much as 950 jig Se/g DW (Finley et al., 2000a) . Because broccoli is an excellent source of Sf, the most powerful dietary inducer of the ARE, and because broccoli has the ability to accumulate large concentrations of selenium in the chemical form that may be most efficacious for inhibition of cancer, Se-enhanced broccoli has the potential to be a super food' for protection against cancer. However, our laboratory has conducted extensive investigations on the production and nutritional benefits of such broccoli, and we have demonstrated several unique and unexpected interactions among different compounds in the plant. These interactions serve to demonstrate that enhancing single components of plants may not result in an overall improvement in the plant's nutritional value, but instead may actually decrease the value of other constituents of the plant.
MATERIALS AND METHODS

Broccoli Production
Broccoli used for chemical speciation and animal or human experiments was grown in a humus/vermiculite mixture with added commercial fertilizer. Selenium enrichment was provided by adding a sodium selenate solution to the plant beginning one week before and continuing throughout floret development; the concentration of selenium varied depending of the desired concentration of Se in the broccoli (Finley et al., 2000a) . Nutritional and cancer studies also utilized control broccoli that was produced in an identical manner except that no sodium selenate was added during floret development. Some human and animal studies utilized broccoli labeled with either stable 74Se (human studies) or radioactive 75Se (animal studies); broccoli was labeled by adding the appropriate isotope at the time of floret development to broccoli grown in a defined hydroponic solution.
Animal Models of Cancer
The Aberrant Crypt (AC)/Aberrant Crypt Foci (ACF) rat model was used to test whether Se-enriched broccoli inhibited colon cancer. Aberrant colonic crypts are defective crypts in colon and rectum; they are easily visualized and counted following fixation and staining; AC often occur in clusters of two or more, and the cluster is termed an ACF. Although AC and ACT do not necessarily become tumors, the numbers of AC and ACF in carcinogen challenged rats are highly correlated to ultimate tumor numbers, and thus are used as a early biomarker of colon cancer (McLellan and Bird, 1988) . AC and ACF experiments were performed by feeding weanling rats for eight weeks diets that contained no selenium, or 1 or 2 jig Se/g diet as pure chemical forms such as sodium selenite or selenate, or 1 or 2 jig Se/g diet as high-Se broccoli. Rats were then injected with a chemical known to induce colon carcinogenesis, returned to diets for an additional eight weeks and then killed and colons removed for analysis.
RESULTS AND DISCUSSION
Bioavailability of Se from broccoli. A series of studies compared the bioavailability of Se from high-Se broccoli to other food sources and/or pure chemical forms of Se. A human study fed healthy adult males test meals labeled with stable 74Se that was either synthesized as sodium selenate or incorporated into broccoli. Compared to 74Se selenate, 74Se from broccoli did not accumulate as well in the plasma, and was better excreted in the urine (Finley, 1999) . A rat study fed rats Se-deficient diets for six weeks, resulting in severely depleted tissue Se stores. When rats were repleted with Se from sodium selenate, sodium selenite, selenomethionine or high-Se broccoli, Se from broccoli accumulated at a slower rate than the other forms of Se in almost all tissues (Finley, 1998) . A similar study utilized test meals of radio-labeled 75Se broccoli or pork fed to selenium deficient or adequate rats. In most tissues of Se-adequate rats, the 755e from broccoli only accumulated 30% as effectively as 75Se from pork, and broccoli 75Se did not incorporate into selenoproteins although 75Se from pork was detected in multiple selenoproteins (Finley et al., 2004) . More recently, Se-depleted rats were repleted with various forms of Se, including Se from high-Se broccoli. Each form was fed at concentrations in the diet ranging from 0.001 to 2 ig Se/g diet. Selenium from broccoli accumulated less than most other forms of Se in most tissues examined (unpublished data); the lack of accumulation was especially noticeable in muscle. Selenium from broccoli also induced TR mRNA (a protein with a requirement for Se for activity) less than other forms (Fig. 2) . Results of the bioavailability experiments are consistent with the hypothesis that the chemical form of Se in broccoli is preferentially moved into the excretory pathway, rather than into a pathway that produces selenoproteins or accumulates in tissue; these results also are consistent with the primary form of Se in broccoli being SeMSC (Cai et al., 1995) . Consequently, these results also suggest that Se from broccoli may be especially efficacious for the reduction of risk of carcinogenesis.
Selenium-enriched broccoli inhibits carcinogenesis. Two experiments compared the incidence of AC/ACF in rats fed Se as high-Se broccoli to rats fed other sources of Se: in both experiments rats fed high-Se broccoli had >50% fewer aberrant crypts that rats fed no Se or the other sources of Se (Finley et al., 2000b) . The anti -care inogeneic property of Se from high-Se broccoli was further confirmed by a reduction in total intestinal tumor burden in a strain of mice with spontaneous intestinal tumors (Davis et al., 2002 ) and a reduction in mammary tumors in mice treated with a chemical carcinogen (Finley et al., 2001) .
Enrichment of broccoli with Se inhibits production of glucosinolates and phenolic acids. Animal and human studies established that Se from broccoli was not as bioavailable as other forms of Se for accumulation in animal tissues, but that it was more efficacious for the reduction of carcinogenesis. Consequently, it seemed that by combining the Seaccumulation properties of broccoli with the production of Sf, it would be possible to produce a 'super-broccoli' that would be exceptionally effective for reducing the risk of cancer. However analytical studies demonstrated that this was not possible as increasing the Se content of broccoli from less than 1 to almost 900 jig/g dry weight had very little effect on the overall production of glucosinolates (Table 1) , but it decreased the production of Sf to -4% of the concentrations found in unfertilized broccoli. Further analysis of the phenolic acid profile determined that Se-enrichment led to similar reductions in specific phenolic acids, especially cinnamic acid derivatives (Robbins et at., 2004).
Consumption of Se-Enriched Broccoli Modulates TR Activity
TR is a selenoprotein that contains Se as selenocysteine at the active site (Mustacich and Powis, 2000) ; it is established that selenoproteins are regulated in part by a translational mechanism sensitive to the availability of dietary Sc (Allan et al., 1999) . A study in Hepalcic7 murine hepatoma cells and in rats demonstrated that dietary Sf also modulates the activity of TR (Hintze et al., 2003a) . A luciferase/TR reporter gene construct was expressed in Hep-G2 human hepatoma cells in culture, and it was demonstrated that 5.0 l.1M Sf induced the reporter construct 6-fold. Point mutations and gel-shift assays showed that the active regulatory site was an ARE (Hintze et al., 2003b) .
Thus, TR is a selenoprotein subject to transcriptional control by Sf and other ARE activators, and to translational control by the availability of dietary Se. The inverse relationship between Sf and Se in broccoli allows the production of broccoli plants that have a high concentrations of Sf and very little Se, or high concentrations of Se and little Sf. Extracts of broccoli produced in this manner were added to Hepa I 1 c7 cells in culture and the activity of TR and glutathione peroxidase, a selenoprotein that does not appear to be kAd t ranscriptionally regulated, were measured. Compared to controls without broccoli extract, TR activity was upregulated to the same extent by either high Se or high Sf broccoli extract (Fig. 3 ). However consistent with the hypothesis that Sf regulates transcriptionally whereas Se acts translational 1)', broccoli extract with a moderate amount of Sf and Se led to a further and significant increase in TR activity (unpublished data). The effect was not common to selenoprOteins in general as high-Sf broccoli extract did not increase glutathione peroxidase activity beyond the control.
TR has antioxidant functions, and the single-cell electrophoresis assay (the COMET assay measures DNA single-strand breaks following an oxidative challenge) was used to test whether broccoli-induced alterations in TR activity altered oxidative damage to cells. Extracts of broccoli similar to those above were added to Hepalcic7 cells prior to a challenge with hydrogen peroxide. Unlike the pattern observed with TR activity, there was 100% inhibition of strand breaks by high-Se extracts, whereas high-Sf extracts and Se/Sf extracts only inhibited 60-66% of strand breaks (Keck and Finley, 2005) , suggesting that Se status is the primary determinant of oxidative stress as measured by the COMET assay. The potential functional consequences of alteration of TR activity also were studied by siRNA knockdown of TR activity. Addition of siRNA to Hep-G2 cells in culture eliminated transcriptional induction of TR, reduced TR mRNA levels to 10% of controls, decreased TR protein levels to -25% of controls and decreased TR activity to 20% of controls. This knockdown of TR resulted in increased oxidative stress as evidenced by greatly increased protein carbonyl concentrations, and decreased intercellular glutathione concentrations (-25% reduction relative to controls) (Finley, unpublished data) .
SUMMARY
Americans have a 30-50% probability of developing cancer in their lifetime and 1 in 4 deaths in the U.S. are from cancer. Furthermore, 1/3 of all the cancer deaths are estimated to be related to dietary factors. A diet rich in crucifers, such as Brussels sprouts and broccoli, is inversely associated with the risk of many common cancers. Furthermore, epidemiological studies have shown that crucifers provide an even greater protection against cancer than a diet high in a general mixture of fruits and vegetables. Broccoli is a cruciferous vegetable that is a rich source of glucosinolates that may be converted to Sf, a compound that activates promoter elements in certain phase II detoxification enzymes of animals. Increased phase II activity may decrease carcinogenesis by improving the clearance of potential carcinogens. Broccoli also may take up Se, and Se has been demonstrated in human clinical trials to decrease the incidence of prostate and lung cancer. Studies in rats demonstrated that Se-enhanced broccoli was efficacious for inhibiting early events in colon carcinogenesis. Consequently, broccoli seemed to be a candidate vegetable for making a 'super' cancer-inhibiting food by combining high amounts of Sf with enhanced concentrations of Se. However, although Se fertilization of broccoli greatly increased the Se content, it caused a dramatic decrease in the Sf content and decreased the production of certain phenolic acids. Sf and Se also caused an unexpected interaction in animals as both substances were shown to regulate the selenoprotein TR; the greatest activity of TR was induced by broccoli that contained a moderate amount of Se and Sf. Oxidative stress, as measured by the COMET assay was modulated primarily by Se status and Sf had much less of an effect.
These studies show the difficulty in upregulating single substances in a plant; the Increase in one substance may be at the expense of other equally important compounds. Further moderate amounts of Se and Sf interacted in the animal that consumed broccoli and caused an unexpected upregulation of the selenoprotein TR. The functional consequence of this is not clear, but there is evidence that modulation of TR activity may decrease oxidative stress. These studies demonstrate obstacles that can be encountered and must be considered when plant foods are altered in a manner that is supposed to make them 'more' efficacious for prevention of a disease. Jeyapaul J. and Jaiswal, A.K. 2000. Nrf2 and c- CH3-Se-CH.
-URE Fig. 1 . A simplified scheme of selenium metabolism. The primary anti-carcinogenic selocompound is thought to be the mono-methyl intermediate in the excretory pathway, and the primary selenocompounds in broccoli is Se-methyl selenocysteine, which is directly converted to mono-methyl selenol. Fig. 3 . Extracts of high-Se broccoli and high-Sf broccoli upregulate thioredoxin reductase activity (A) equally, but broccoli extracts containing a modest amount of Se and Sf result in a further increase in activity. Glutathione peroxidase activity (B) is not altered by high-Sf extracts but is upregulated by moderate-and high-Se extracts.
